ABSTRACT Despite the importance of per-capita feeding rates for mosquito-borne transmission dynamics, the relationship between host aggregation and per-capita feeding rates remains poorly characterized. We conducted indoor experiments to investigate how Culex quinquefasciatus (Say) mosquitoes distribute their blood feeding on variably aggregated domestic chickens (Gallus gallus domesticus L.) (one chicken vs. a ßock of seven to nine birds). Mosquitoes were always more likely to feed on the larger chicken group; yet, the single chicken tended to be fed on at a higher per-capita rate. When 10 chickens were available the feeding intensity was 4.5 times higher for the single chicken compared with the ßock. We conclude that more highly aggregated hosts may experience lower exposure to mosquito bites than less aggregated hosts.
The rate at which vector mosquitoes blood feed on individual hosts is an important driver of disease transmission because it not only affects a hostÕs risk of becoming infected, but also the number of mosquito infections it may generate. Theoretical work suggests that an uneven distribution of blood feeding over hosts may lead to a substantially higher transmission of a mosquito-borne disease than if blood feeding was evenly distributed over hosts (Dye and Hasibeder 1986) .
Mosquitoes might blood feed unevenly if their hosts are aggregated. The ability of mosquitoes to Þnd hosts is informed by host cues, often, but not always olfactory in nature (Zwiebel and Takken 2004, Kuno and Chang 2005) . To some extent, these cues must be cumulative such that, for example, 10 roosting birds might be a more attractive target to ornithophilic mosquitoes than a single bird. Only in the special case where the attractiveness of these 10 aggregated hosts was exactly 10 times the attractiveness of the individual host would the per-capita biting rate be the same for both. In all other cases, per-capita rates of blood feeding on hosts would depend on the level of aggregation. This mechanism could be relevant to the transmission dynamics of vector-borne zoonotic pathogens such as West Nile virus (family Flaviviridae, genus Flavivirus, WNV). If, for example, a lethargic infected bird removed itself from a roost, vector mosquitoes might feed on it more (or less) intensely than if it had remained in the roost, making it a "super-spreader" (or the opposite). Despite its possible epidemiological importance, the relationship between host aggregation and mosquito blood feeding intensity remains poorly characterized. Here, we report results of experimental investigations into the distribution of blood feeding by Culex quinquefasciatus (Say) mosquitoes among two differently sized groups (single vs. ßock) of domestic chickens (Gallus gallus domesticus L.).
Materials and Methods
We conducted experiments in a former ammunition bunker located at Tulane UniversityÕs Hebert Research Center (29Њ53Ј26ЈÕ N, 89Њ57Ј58 W). The facility was Ϸ70,000 feet 3 : 100 feet wide, 50 feet deep and Ϸ13 feet 10.5 in high. During experiments, the space was mostly empty except for some experimental supplies stored along the wall behind the release cage and an air handler along the left side wall that was turned off during experimentation. The ceiling was supported by two rows of Þve concrete columns each, measuring approximately 1 ft in diameter. Chickens were exposed to mosquitoes in two locations Ϸ80 feet apart in the rear of the room. During experiments, chickens were kept in custom-made wire surveillance cages. Each of these cages measured 2 ϫ 2 ϫ 4 feet (depth ϫ height ϫ width) and housed up to two chickens. The cages were mounted on legs that raised them to 0.5 feet above ground. For each experiment, a single chicken was exposed at one location, while a ßock consisting of seven to nine birds, contained in four to Þve cages, was exposed at the second site 80 feet away. In Þve of the replicates, the ßock consisted of nine chickens, in two replicates the ßock consisted of eight chickens, and in one replicate the ßock consisted of seven chickens. The locations of the individual chicken and the ßock were switched between experiments. We covered each test cage with H-shaped malaise traps (Bioquip Products, Inc., Rancho Dominguez, CA) that had been modiÞed by adding nylon netting to the side ßaps so as to more completely envelop the sides and back of the cages. Malaise traps are typically used to passively collect ßying insects by intercepting their ßight path. Insects meeting the netting often crawl upward and eventually enter the collection cup. The temperature during experiments ranged from 24 to 27ЊC with relative humidity between 51 and 87%. Mosquitoes were released at a point equidistant (Ϸ55 feet) from both test cages. We used Cx. quinquefasciatus females from a laboratory colony for the Þrst four test replicates. For the last four trials we used Cx. quinquefasciatus mosquitoes that had been reared from Þeld derived egg rafts. We identiÞed Þrst instar larvae according to the method described by Reiter (1986) , which is based on the appearance of the egg breaker. To verify the larval identiÞcation, we periodically identiÞed resulting adult female mosquitoes using standard keys; the larval identiÞcation always agreed with the identiÞcation of derived adults. Mosquitoes were sustained on 10% sucrose solution and were kept in breeding cages that also contained male mosquitoes. Upon release, they were between 1 and 2 weeks postemergence. For trials 1Ð3 and 5 and 6, we counted and released 200 unfed female mosquitoes. For trial 4, we released 400 mosquitoes. Because we were not interested in assessing recapture rates per se, but wanted to maximize recapture we decided for the Þnal two trials to release an estimated 800 Ð900 mosquitoes of both sexes. Mosquitoes were released between 4 and 5 p.m., using a remotely controlled mosquito release cage that was operated from outside the bunker Ϸ30 min after the last person had left the bunker. The following morning, we collected mosquitoes by aspiration with a modiÞed Nasci aspirator (Manweiler et al. 1998 ) from the screen fabric of the malaise traps facing the chickens, as well as from bunker walls close to the malaise traps. We swept the walls with the aspirator from the ground to 5 feet height extending from the corners of the room closest to the chickens 20 feet in both directions. That left a 60 feet stretch of the wall that separated the two collection areas. We used separate aspirator bags for the two locations and assumed that blood fed mosquitoes collected at a location had fed on a chicken at that location. We also planned to retrieve mosquitoes from the malaise trap collection cups, but they never contained blood-fed mosquitoes. We transported the collected mosquitoes to the laboratory in the aspirator bags, where they were killed with cold in a Ϫ20ЊC freezer. Their feeding status (unfed, partially fed, engorged, and gravid) was then visually determined and recorded. Numbers of engorged mosquitoes were recorded by collection site, that is, from the location with the single chicken or from the location with the ßock. Trials were typically spaced at least 10 d apart (minimum 7 d). One week after the release of 200 mosquitoes we recaptured four unfed female Cx. quinquefasciatus mosquitoes in two CO 2 baited Center for Disease Control and Prevention light traps, but none in two gravid traps. This indicates little carry over beyond a week.
To verify our assumption that blood fed mosquitoes did not signiÞcantly disperse from where they had fed we released 215 Þeld-derived female Cx. quinquefasciatus mosquitoes from within the left malaise traps that contained two chickens, while the other malaise trap was unoccupied. The next morning we collected mosquitoes as before, using one aspirator bag for the unoccupied location and four bags for the occupied location (malaise trap, 10 feet wall segment closest to the trap, adjacent 10 feet wall segment (medial) and corner closest to occupied location). We identiÞed and counted blood fed mosquitoes by aspirator bag as described above. We repeated this experiment once, switching the side of the occupied location and releasing 160 mosquitoes.
When not used in the experiments, chickens were housed in the Tulane Health Sciences Center vivarium. The experiments were approved by the Tulane University Institutional Animal Care and Use Committee (Protocol No. 4078C).
We assumed the numbers of engorged mosquitoes retrieved from the single chicken to be distributed according to a binomial distribution, that is, m i ϳBinomial(M i , p i ), where m i is the number of engorged mosquitoes retrieved from the single chicken, M i is the number of engorged mosquitoes retrieved from all chickens and
The offset i is the logit of the inverse of the number of all chickens used in one trial, that is,
ͪ . The rationale for doing this is the following: if mosquito bites are homogenously distributed over all chickens regardless of group size, then the mosquitoes would divide themselves proportionally among the two groups; in that case, p i ϭ 1 n i . The variable z i ϭ 1 if the single chicken was on the left side of the bunker and 0 otherwise and ␤ 1 is the associated coefÞcient. The two dummy variables x i1 and x i2 equal 1, if 9 and 10 chickens were used, respectively, and 0 otherwise; ␣ 1 and ␣ 2 are the associated coefÞcients. This corresponds to a logistic regression model with overdispersion. The quantities of interest were ratios of per-capital feeding rates that compared the single chicken with, adjusted for a potential side bias and for the total number of chickens used. These ratios were estimated from the linear model term, after leaving out the error term as well as
We estimated the feeding rate ratios from the adjusted number of mosquitoes per capita for the single chicken, p i M i , and for the group
, where k is the number of chickens used. Accordingly, the resulting feeding rate ratios for each number of chickens was calculated as
Because of the random error (⑀ i ) and the small numbers, we Þtted the described model using a Markov chain Monte Carlo approach with WinBUGS (Lunn et al. 2000) . For all parameters, we assumed standard uninformative priors. Posterior parameter distributions were determined from 30,000 MCMC samples, resulting from three chains and a run-in period of 100,000 iterations. Considering the full model and the models containing all subsets of parameters, including the intercept only model, we selected the Þnal model based on the deviance information criterion (Spiegelhalter et al. 2002) . From the posterior distribution of the parameters, 95% credible intervals, equivalent to 95% conÞdence intervals (CIs), were calculated.
Results
Overall, we retrieved 218 engorged mosquitoes. Assessed for trials 1Ð5 (for trial 1 we did not record the number of mosquitoes left in the release cage; for trials 7 and 8 we did not count the released mosquitoes) the recapture rate was 19.7% (1,200 released; 133 engorged mosquitoes and 54 unfed mosquitoes recaptured and 49 remaining in the release cage). We collected more engorged mosquitoes (107 or 74%) from the chicken ßocks than from the single chicken.
Of the 375 mosquitoes we released to quantify dispersal, we collected 33 in an engorged state. None were found in the vicinity of the unoccupied location. Of the 33 blood fed mosquitoes, we found 31 in an occupied malaise trap; two blood fed mosquitoes were found in the corner closest to the occupied malaise trap. The assumption that mosquitoes had fed on the chicken(s) closest to which they were collected therefore appears reasonable.
The Þnal model did not contain the dummy variable for using a total of nine chickens, indicating that one versus seven and one versus eight chickens did not differ statistically with respect to the distribution of mosquitoes between the single chicken and the ßock. There was a distinct bias toward the left side (Table 1) .
Adjusted for the number of chickens, mosquitoes were less than half as likely to feed on the single chicken when on the left compared with the right side (odds ratio 0.38; 95% CI 0.08,1.27). Adjusted for the side, mosquitoes fed more intensely on the individual chicken than on the group. When eight (one vs. seven) or nine chickens (one vs. eight) were used the adjusted per-capita feeding rate ratio (posterior median) was 1.77, indicating a 77% increased intensity of mosquito feeding on the single chicken compared with a chicken in the ßock, even though the estimate was imprecise (wide 95% credible interval that included one). With 10 chickens (one vs. nine), the adjusted per-capita feeding rate ratio was 4.27 indicating that over four times as many mosquitoes fed on the single chicken than on a chicken from the ßock.
Discussion
Using a simple experimental setup we detected substantial and statistically signiÞcant host aggregationdependent differences in per-capita blood feeding rates of Cx. quinquefasciatus mosquitoes. Single birds experienced a disproportionately higher burden of mosquito feeding than individual birds in a ßock. Such differences might result in transmission heterogeneity, which has been shown to affect transmission dynamics (Woolhouse et al. 1997) and are therefore important to acknowledge. When transmission heterogeneity is ignored the force of infection is typically underestimated (Smith et al. 2007) .
Our experiments are based on the assumption that mosquitoes collected from one location had fed on chickens at that location. Our assessment indicates that this assumption is reasonable for this speciÞc setting. However, the issue should be directly addressed in similar studies, for example by marking the individual chickenÕs blood with rubidium (Kimsey and Kimsey 1984) . Only measurement of host odor plumes and the analysis of video recordings of mosquito movement in relation to these odor plumes would offer mechanistic insight in the processes that determine mosquito-host interaction rates as a function host aggregation. b Per-capital biting rate ratio comparing the no. of blood fed mosquitoes for seven or eight chickens to the no. for the single chicken.
c Per-capita biting rate ratio comparing the no. of blood fed mosquitoes for nine chickens to the no. for the single chicken.
